INTRODUCTION
============

The biogenesis of ribosomes is a highly complex process that requires the coordinated activity of a vast number of factors ([@B1; @B2; @B3]) and a large proportion of the energy available in a growing cell ([@B4]). In all eukaryotes the primary ribosomal RNA (rRNA) transcript, which is synthesized in the nucleolus, is processed through a series of structural re-arrangements, nucleotide modifications and cleavage events that ultimately lead to formation of mature ribosomes. Biochemical and genetic approaches have revealed the many factors involved in this process ([@B1],[@B3],[@B5]). Yet the function of many of these factors, the details of their interaction in the pre-ribosome and the structural rearrangements that take place in the pre-rRNA are still undefined.

Pre-rRNA processing has been most extensively studied in the yeast *Saccharomyces cerevisiae*, as a result of the available genetic tools and the ease of manipulation ([@B1; @B2; @B3]). In yeast, the pre-rRNA contains three of the four rRNAs separated by spacers, and is processed to form the mature 18S, 5.8S and 25S rRNAs ([Figure 1](#F1){ref-type="fig"}A) ([@B1]). Co-transcriptional 2′-O-ribose methylations and pseudouridylations along with cleavage of the internal and external transcribed spacers (ITS and ETS) involve a series of small nucleolar ribonucleoproteins (snoRNPs). The small nucleolar RNAs (snoRNAs) present in the snoRNPs base pair to pre-rRNA sequences and thus guide the RNPs to the site of modification. The U3 snoRNP is unusual for a snoRNA in that it is essential for the cleavage of the 35S primary transcript at sites A~0~, A~1~ and A~2~ ([@B6]) and has also been proposed to be a chaperone for 18S rRNA folding ([@B1],[@B7]). Figure 1.(**A**) Schematic of the 35S primary pre-rRNA transcript in *S. cerevisiae* with the processing sites indicated. The 35S pre-rRNA is composed of the 18S, 5.8 and 25S rRNAs, separated by the internal transcribed spacers (ITS1 and ITS2) and the two external transcribed spacers (5′-ETS and 3′-ETS). The red lines indicate the base pairing sites for the U3 snoRNA. (**B**) The secondary structure of the U3 snoRNA base paired to the 35S pre-rRNA adapted from 'The Yeast snoRNA database' ([@B43]) and Mereau *et al.* ([@B14]). The U3 snoRNA is shown in black and its different structural and functional elements are indicated, including the modified region used for detection by northern blotting. The 5′-ETS region of the 35S pre-rRNA is shown in blue, the 18S rRNA is shown in red and the cleavage sites are indicated. The gray boxes indicate regions where nucleotides change reactivity to DMS when U3 snoRNA is present. The U3 snoRNA, 5′-ETS and the shaded boxes are not drawn to scale. (**C**) The YKW100 strain used to analyze the role of the U3 snoRNA in pre-rRNA folding. In the haploid *S. cerevisiae* strain YKW100 the *U3B* (*SNR17b*) gene is disrupted, while the *U3A* (*SNR17a*) is under the control of a galactose-inducible/dextrose repressible promoter (*GAL10*). Tagged U3 snoRNAs, wild-type or mutant, were expressed from plasmids carrying either *TRP1* (pRS314) or *HIS3* (pRS313) auxotrophic markers. For the co-immunoprecipitation experiments, Utp5 was HA-tagged (*KAN^R^*) and Utp17 was TAP-tagged (*TRP1*).

The U3 snoRNA performs its function as a component of a large ribonucleoprotein complex also containing the pre-rRNA, ribosomal proteins (r-proteins) and non-ribosomal proteins, termed the small subunit (SSU) processome ([@B8]), and also called the 90S pre-ribosome ([@B9]). The SSU processome likely assembles from preformed independent sub-complexes on the nascent pre-rRNA transcript ([@B3],[@B10; @B11; @B12; @B13]). Several sub-complexes of the SSU processome have been characterized and an order of assembly is emerging. For example, the UtpA/t-Utp sub-complex links transcription and pre-rRNA processing and may be the module that binds first to the pre-rRNA ([@B11],[@B12]). Association of the other sub-complexes, including the U3 snoRNP, is dependent on this event ([@B12]).

In *S. cerevisiae* the U3 snoRNA is considered to be composed of two secondary structural domains: a short 5′-domain (nucleotides 1--39) linked to the larger 3′-domain (nucleotides 73 to the 3′-end) through a hinge region ([Figure 1](#F1){ref-type="fig"}B) ([@B14],[@B15]). There are two conserved regions of the U3 snoRNA that base pair with regions in the pre-18S rRNA: (i) the 5′-end of the U3 snoRNA (the GAC box and boxes A′ and A) base pairs to the 18S rRNA region of the pre-rRNA, downstream of the A~1~ cleavage site and with an internal site in the 18S rRNA and (ii) the 5′-part of the hinge (5′-hinge) base pairs with the 5′-ETS of the pre-rRNA ([Figure 1](#F1){ref-type="fig"}B) ([@B7],[@B16; @B17; @B18; @B19; @B20]). The 3′-part of the hinge (3′-hinge) of the U3 snoRNA has also been predicted to base pair with the 5′-ETS, based on results obtained in other eukaryotes ([@B21; @B22; @B23; @B24]), but this base pairing has not yet been tested in yeast. In addition to its role in the processing of the pre-18S rRNA, the U3 snoRNA also participates in the formation of the conserved 5′-end pseudoknot in the 18S rRNA, leading to the proposal that it acts as a chaperone in the folding of the rRNA ([@B1],[@B7]). There is, as yet, no direct evidence that has confirmed the role of the U3 snoRNA as a pre-18S rRNA chaperone. This remains one of the outstanding questions in the field of ribosome biogenesis.

Chemical probing can be used to investigate conformational changes of RNA in living cells because it determines changes in reactivity with nucleotide resolution ([@B14],[@B25],[@B26]). The variations in reactivity can be attributed to differences in the accessibility of nucleotides in the probed molecule under different conditions. Dimethyl sulfate (DMS) is the most widely used probe for *in vivo* chemical probing as it penetrates yeast cells rapidly without prior permeabilization, allowing for a quick snapshot of the RNA structure *in vivo*. The reactivity towards DMS is reduced if the base is involved in hydrogen bonding or if it is not solvent accessible. As DMS is a base-specific chemical probe, methylation of A and C residues can be detected by primer extension without further manipulation. The modified nucleotides are detected as a pause one nt before the site of methylation. Recently, *in vivo* DMS probing was used to analyze the structure of the pre-rRNA from a region encompassing the D cleavage site ([@B27]). Previous attempts at chemical probing of rRNA *in vivo* in the yeast *S. cerevisiae* have been limited to small regions of the large subunit of the ribosome ([@B28; @B29; @B30]), and were successful. *In vivo* chemical probing with DMS is thus a powerful tool for the analysis of RNA structure and conformational changes in the native environment.

To analyze the role of the U3 snoRNA in ribosome biogenesis we used an approach combining the power of yeast genetics with *in vivo* chemical probing. We tested whether the U3 snoRNA is required for folding of the pre-18S rRNA by *in vivo* chemical probing with DMS when the U3 snoRNA is conditionally expressed, and determined that there were indeed changes in the structure of the pre-rRNA dependent on the presence of the U3 snoRNA ([Figure 1](#F1){ref-type="fig"}B). We go on to show that a specific chemical modification pattern is a result of a base pairing interaction, previously undescribed in yeast, between the 3′-hinge of the U3 snoRNA and the 5′-ETS sequence of the pre-rRNA. Both mutational analysis and genetic 'rescue' experiments support this initial interaction as a pre-requisite for the subsequent base pairing interactions and show that it is necessary for the assembly of the SSU processome.

MATERIALS AND METHODS
=====================

Strains and media
-----------------

The strain YKW100 (**a** *ura3-52 his3-Δleu2 lys2-801^amber^ trp1-Δ63 u3aΔ UAS~GAL~:U3A::URA3 u3bΔ::LEU2*) ([@B10]) was used in all the chemical probing and co-immunoprecipitation experiments. The NOY504 (***a*** *rrn4::LEU2 ade2-101 ura3-1 trp1-1 leu2-3, 112 his3-11 can1-100*) ([@B31]) strain was used for the experiments involving mutations in the 5′-ETS of the pre-rRNA. In general, yeast were grown in YPD (1% yeast extract, 2% peptone and 2% dextrose), YPG/R (1% yeast extract, 2% peptone, 2% galactose and 2% raffinose), or yeast selective media (SC-Trp, SC-His or SC-Ura-Trp; Clontech) supplemented with either 2% dextrose or 2% galactose and 2% raffinose. The solid media contained 2% Bactoagar. A standard lithium acetate protocol ([@B32]) was used for the yeast transformations. For depletion experiments the YKW100 strain with the appropriate plasmid was grown in selective media with galactose and raffinose to an optical density at 600 nm of 0.4-0.8 and shifted to YPD for the indicated time. The NOY504 strain was grown at 25**°**C and then shifted to 37**°**C.

Plasmids
--------

The plasmid pRS314 U3 WT contains a copy of the U3 snoRNA gene without its intron that carries a unique sequence that enables detection by northern blotting in the yeast expression vector pRS314 (*AMP^R^*, *TRP*, *CEN/ARS*) ([@B10]). The plasmid pRS313 U3 WT is identical but carries a different auxotrophic marker (*AMP^R^*, *HIS*, *CEN/ARS*). pRS314 U3 Box A, pRS314 U3-63, pRS314 U3-72 were obtained by excising the *XhoI-EcoRI* U3 fragments from pRS313 Box A, pRS313 U3-63 and pRS313 U3-72, described as pRU3\*\[Box A : subst\], pR\*\[-63\], pR\*\[trunc/-72\] in previous studies ([@B15],[@B33]). The plasmids pRS314 U3 5H, pRS314 U3 3H7 and pRS314 U3 3H11 were created by site directed mutagenesis with the Quick Change kit from Stratagene, and subsequently subcloned in the pRS313 plasmid, as described above. All the mutations were confirmed by DNA sequencing. The pRS31× U3 snoRNA containing plasmids were transformed in YKW100 and maintained on the corresponding selective media SC-His/Trp.

To generate the mutations in the 5′-ETS region of the pre-rRNA, a BamHI-SacII fragment (1560 nt) of the pNOY102 plasmid ([@B31]) was PCR amplified and subcloned into the PCR4-TOPO vector (TOPO® TA Cloning® Kit; Invitrogen). After site directed mutagenesis (Quick Change kit; Stratagene) the fragments containing the altered sequences were used to replace the same fragment in pNOY102. All plasmid constructs were verified by DNA sequencing at the DNA Analysis Facility at Yale University. The mutagenized plasmids were transformed into NOY504 alone or with pRS314 U3 snoRNA containing plasmids and maintained on SC-Ura or SC-Ura-Trp, respectively.

Chemical probing *in vivo*
--------------------------

The chemical probing protocol was adapted from ref. ([@B25]). Briefly, cells grown to an optical density at 600 nm of 0.5 in 15 ml of media were treated with DMS diluted 1:10 in ethanol to a final concentration of 20 mM for the analysis of the 5′-ETS and 10 mM for the analysis of the 18S region of the pre-rRNA. The reaction was stopped after 4 min at 30°C with 10 ml ice-cold 1 M 2-mercaptoethanol and the cells pelleted by centrifugation. A second addition of 10 ml of 0.6 M ice-cold 2-mercaptoethanol ensured that all the DMS was neutralized.

RNA manipulations: primer extension and northern blots
------------------------------------------------------

Total RNA used for primer extension and northern blotting was obtained by hot phenol extraction ([@B34]). The quality of the RNA was assessed on 1.25% agarose gels in 1× TAE. Northern blots were performed as described earlier ([@B15],[@B33]). Briefly, 7 µg of RNA were separated on 8% denaturing polyacrylamide gels, transferred to a Hybond N+ membrane (GE Healthcare) and a series of oligonucleotides were used to detect the desired snoRNAs. The oligonucleotides were: SD13 to detect U3 snoRNA expressed from the plasmid that carries a unique sequence to facilitate detection, SD74 which hybridizes to all forms of U3 snoRNA ([@B15],[@B33]) and an oligonucleotide specific for the U14 snoRNA.

The primer extension protocol was adapted from ([@B25],[@B35]). The primers used for primer extension are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1). The primer is named for the first nucleotide incorporated by the reverse transcriptase and the part of the pre-rRNA where it anneals. For analyzing the 5′-ETS region, 5 µg of total RNA were used while 2.5 µg of total RNA were necessary for the analysis of the 18S rRNA region. Briefly, 0.3 pmoles of a 5′-end ^32^P labeled oligonucleotide were hybridized to the target RNA in a final volume of 4.5 µl (50 mM K^+^ HEPES pH 7.0, 100 mM KCl) at 92°C for 2 min and afterwards cooled slowly to 42°C. Extension buffer and dNTP mix were added to a final concentration of 0.13 M Tris--Cl pH 8.5, 10 mM MgCl~2~, 10 mM DTT and 0.125 mM dNTP mix with 2 U of AMV-RT (20 U/µl from Northstar BioProducts). The final volume was 6.5 µl and the extension was performed at 42°C for 30 min. Sequencing ladders were generated by adding 1 µl of the corresponding 1 mM ddNTP, in the same conditions. The reaction was stopped by adding 11 µl stop solution (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol from USB). The samples were heated for 2 min at 95°C, cooled on ice and loaded (2.5 µl) on a 6% acrylamide denaturing gel in 1× TBE. Some films were scanned and quantitation performed with Image J.

Co-immunoprecipitations
-----------------------

The co-immunoprecipitations were performed as described ([@B36]) with the following modification: 10% of the input was used for RNA extraction and northern blotting as described in the RNA manipulation section.

RESULTS
=======

*In vivo* chemical probing to determine the role of the U3 snoRNA in pre-rRNA folding---the system
--------------------------------------------------------------------------------------------------

To acquire information on the role(s) of the U3 snoRNA in the cleavage and folding of pre-rRNA during ribosome biogenesis we analyzed the modification patterns by chemical probing and primer extension of pre-rRNA in the absence and presence of the U3 snoRNA *in vivo*. For this purpose we used a system previously described ([@B7],[@B10],[@B15],[@B33]). In the yeast strain YKW100 one of the U3 snoRNA genes is disrupted and the second one has been placed under a galactose-inducible/dextrose-repressible promoter ([@B7],[@B10],[@B15],[@B33]) ([Figure 1](#F1){ref-type="fig"}C). Wild-type U3 snoRNA or U3 snoRNA containing mutations can be constitutively expressed from a plasmid ([Figure 1](#F1){ref-type="fig"}C, [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). The plasmid-encoded U3 snoRNA carries a unique sequence that facilitates its detection ([Figure 1](#F1){ref-type="fig"}B and C). To establish the most suitable experimental conditions for chemical probing and the best time after carbon source shift at which to probe, a series of experiments were performed. When the yeast were shifted from galactose to dextrose containing medium, the U3 snoRNA levels were reduced as soon as 3 h ([Figure 2](#F2){ref-type="fig"}A), while the 18S rRNA levels began to decrease only after 10 h ([Figure 2](#F2){ref-type="fig"}B). We chose to perform *in vivo* chemical probing ∼16 h after the transfer to dextrose containing medium, when both the U3 snoRNA and the 18S rRNA were greatly depleted. Otherwise, the presence of high quantities of mature 18S rRNA would mask the pre-rRNA, while the high levels of U3 snoRNA wild-type would obscure the effects of mutations. The optimal conditions for *in vivo* chemical probing (concentration, temperature and time) and primer extension were established by determining when full length cDNAs transcribed from the unmodified and modified RNA were comparable in levels and when a good modification pattern was obtained ([@B25],[@B26]) (data not shown). To ensure that the modification reaction was stopped, controls were also performed by adding 2-mercaptoethanol (the quenching reagent) before adding the DMS ([@B25]) (data not shown). A series of primers were designed to efficiently cover the length of the pre-18S rRNA ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)), and also to provide overlapping sequence as necessary. The quantities of RNA and primer used for primer extension were also determined experimentally to obtain a good signal to noise ratio (data not shown). Figure 2.Depletion of the U3 snoRNA results in changes in 5′-ETS nucleotide reactivity to DMS as determined by *in vivo* chemical probing. (**A**) Total RNA was extracted from yeast cells shifted from galactose containing media (0 h) to dextrose containing media for the indicated time and analyzed. Time course for the depletion of the endogenous U3 snoRNA in the YKW100 strain detected by northern blotting. The U3 snoRNA was probed with an oligonucleotide (SD74) ([@B15]) that recognizes all forms of the U3 snoRNA, while for the U14 snoRNA a specific oligonucleotide was used. (**B**) Depletion of the U3 snoRNA leads to reduced 18S, but not 25S rRNA levels. Mature 18S and 25S rRNA levels were followed on an agarose gel with ethidium bromide staining for the samples analyzed by northern blotting in (A). The M lane is a marker lane (1 Kb plus DNA ladder; Invitrogen). (**C--H**) *In vivo* DMS modification of the 5′-ETS of the pre-rRNA. DMS was added at 16 h after shifting the yeast to dextrose to deplete the endogenous U3 snoRNA. Yeast either contained a plasmid that expressed the tagged U3 snoRNA (+U3; U3 WT) or an empty vector (−U3; EV). Total RNA was extracted from unmodified and modified yeast and analyzed by primer extension with the following primers: (C) 157-5′-ETS; (D) 277-5′-ETS; (E) 400-5′-ETS; (F) 500-5′-ETS; (G) 611-5′-ETS and (H) 693-5′-ETS. Lanes A and G are dideoxy sequencing lanes, and the nucleotide numbers from the start site of transcription are indicated on the left side of the gels, and the A~0~ cleavage site is indicated. Blue circles denote nucleotides with lower reactivity to DMS, while red circles denote nucleotides with higher reactivity. The size of the dot represents the intensity of the change. The purple box highlights the nucleotides of the 5′-ETS that were previously known to base pair the U3 snoRNA, while the green boxes highlight the nucleotides involved in the novel base pairing.

The presence of U3 snoRNA causes changes in the structure of the 5′-ETS of the pre-rRNA
---------------------------------------------------------------------------------------

Genetic and biochemical experiments have shown that the yeast U3 snoRNA base pairs with the pre-rRNA in the 5′-ETS (5′-hinge with nucleotides 470--479; [Figure 1](#F1){ref-type="fig"}B) ([@B16; @B17; @B18]) and with the 18S rRNA (Box A with nucleotides 9--16; [Figure 1](#F1){ref-type="fig"}B) ([@B7],[@B19],[@B20]). Genetic experiments also suggest that Boxes GAC and A′ base pair to nucleotides 19--25 and 1139--1143 of the 18S rRNA ([Figure 1](#F1){ref-type="fig"}B) ([@B7],[@B19],[@B20]). Consequently, we surveyed the DMS modification patterns in the 5′-ETS when the U3 snoRNA is present compared to when it is not ([Figure 2](#F2){ref-type="fig"}C--H, compare lanes 4 and 5). No differences in the reactivity of nucleotides 5--290 of the 5′-ETS were observed under these two conditions ([Figure 2](#F2){ref-type="fig"}C and D compare lanes 4 and 5, summarized in [Figures 1](#F1){ref-type="fig"}B and [3](#F3){ref-type="fig"}, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)), implying that the presence of the U3 snoRNA is not required to maintain the structure in this region. However, differences in the reactivity of the nucleotides of the pre-18S rRNA were detected in the nucleotides 290--330 region ([Figure 2](#F2){ref-type="fig"}E compare lanes 4 and 5, summarized in [Figures 1](#F1){ref-type="fig"}B and [3](#F3){ref-type="fig"}, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). In addition, some nucleotides in the nucleotide 470 region (471--474, 476), where the U3 snoRNA base pairs with the pre-18S rRNA, became less reactive in the presence of U3 snoRNA ([Figure 2](#F2){ref-type="fig"}F--G compare lanes 4 and 5, summarized in [Figures 1](#F1){ref-type="fig"}B and [3](#F3){ref-type="fig"}, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). This protection in the presence of the U3 snoRNA suggests that base pairing of the U3 snoRNA to the 5′-ETS is detectable by this chemical probing technique. Several changes were also observable in the region close to the A~0~ and A~1~ cleavage sites, regions 605 and 635 ([Figure 2](#F2){ref-type="fig"}H compare lanes 4 and 5, summarized in [Figures 1](#F1){ref-type="fig"}B and [3](#F3){ref-type="fig"}, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). Figure 3.Summary of the results from *in vivo* DMS modification of the 5′-ETS with and without the U3 snoRNA (data shown in [Figure 2](#F2){ref-type="fig"}). Nucleotides with altered reactivity as a result of the presence of the U3 snoRNA, compared to absence of the U3 snoRNA as a reference point, are shown on the secondary structure of the 5′-ETS adapted from ([@B44]). Blue circles denote nucleotides with lower reactivity to DMS, while red circles denote nucleotides with higher reactivity. The size of the dot represents the intensity of the change. The purple box highlights the nucleotides of the 5′-ETS that were previously known to base pair the U3 snoRNA, the green box highlights the nucleotides involved in the novel base pairing and the cleavage sites are indicated.

The U3 snoRNA causes changes in the structure of the pre-rRNA near the 5′-end pseudoknot of the 18S rRNA
--------------------------------------------------------------------------------------------------------

The conserved pseudoknot located at the 5′-end of the mature 18S rRNA involves nucleotides from the 5′-end of the 18S rRNA (nucleotides 4--20) in which nucleotides 12--14 base pair with nucleotides 1140--1142 of the 18S rRNA to form the tertiary interaction. Surveying changes in reactivity around the nucleotides involved in the 5′-pseudoknot, we found that nucleotides 12--14, directly involved in the 5′-pseudoknot, were not reactive to DMS under our conditions ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1) compare lanes 4 and 5 dark and light exposure, [Supplementary Figure S2 and Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). In contrast, many nucleotides located in the 5′-domain of the 18S rRNA, starting around nucleotide 40, were much more reactive when U3 snoRNA was repressed ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1) compare lanes 4 and 5, [S1B](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1) and S1C compare lanes 5 and 6, [Supplementary Figure S2 and Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). At increased distance from the 5′-end, the difference in reactivity of nucleotides induced by the presence of the U3 snoRNA decreased ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1) compare lanes 4 and 5, [S1B](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1) and S1C compare lanes 5 and 6, [Supplementary Figure S2 and Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). Few differences in reactivity to DMS with and without the U3 snoRNA were observed in the region close to nucleotide 1100 ([Supplementary Figure S1D--E](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1) compare lanes 5 and 6, [Supplementary Figure S2 and Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)) including at nucleotides 1140--1142, which are also directly involved in the 5′-pseudoknot. Lack of RNA reactivity to DMS can generally be attributed to base pairing, inaccessible structure or protection by protein components. In contrast, nucleotide 1139, the nucleotide immediately adjacent to the pseudoknot nucleotides, became less reactive when U3 snoRNA was expressed ([Supplementary Figure S1E](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1) compare lanes 5 and 6, [Supplementary Figure S2 and Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)), indicating formation of the 5′-end pseudoknot. In summary, we were unable to obtain information on the nucleotides directly involved in formation of the 5′-end pseudoknot by chemical probing *in vivo* with DMS; however, we do detect decreased accessibility to DMS in the region surrounding the 5′-end pseudoknot nucleotides when U3 snoRNA is present. The higher reactivity of 18S rRNA sequences in general in the absence of the U3 snoRNA is evidence of a less structured state of the pre-rRNA.

Mutations in the U3 snoRNA that are predicted to disrupt base pairing with the pre-18S rRNA also lead to changes in pre-rRNA structure
--------------------------------------------------------------------------------------------------------------------------------------

As noted in the Introduction, the U3 snoRNA base pairs with the pre-rRNA at at least three different sites. U3 snoRNAs with extensive substitutions in the sequences that base pair to the pre-rRNA do not support growth (data not shown) ([@B33]). However, we do not know whether disrupting these base pairing interactions leads to changes in pre-rRNA folding or structure.

We tested whether expression of U3 snoRNAs bearing substitutions of these essential sequences leads to changes in pre-rRNA structure by constructing yeast strains expressing only the mutant U3 snoRNAs, and by analyzing the reactivity of the 5′-ETS following *in vivo* DMS modification. Plasmids containing the unmutated U3 (U3 WT), the U3 snoRNA with 6 nt of the 5′-hinge region mutated (U3 5H) and the U3 snoRNA with mutations in the Box A sequence (U3 Box A) ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)) were transformed into the yeast strain YKW100, where the endogenous U3 snoRNA can be depleted by growth in dextrose. As expected, when the strain was grown in dextrose, the endogenous U3 snoRNA was depleted ([Figure 4](#F4){ref-type="fig"}A, lane 5). Expression of the WT and the two mutant U3 snoRNAs from the plasmid was readily detectable via a unique sequence tag when the endogenous U3 snoRNA expression was repressed ([Figure 4](#F4){ref-type="fig"}A, lanes 6 to 8), though the levels of the two mutant U3 snoRNAs were somewhat lower than U3 WT. Consistent with the results that showed that these mutant U3 snoRNAs do not support yeast growth (data not shown) ([@B33]), the levels of 18S rRNA were also reduced in yeast when only these mutant U3 snoRNAs were expressed ([Figure 4](#F4){ref-type="fig"}B, lanes 7 and 8). Figure 4.Expression of U3 snoRNAs mutated in nucleotides that base pair changes the reactivity of 5′-ETS nucleotides to DMS *in vivo*. Total RNA was extracted from yeast cells depleted of the endogenous U3 snoRNA as described in the legend to [Figure 2](#F2){ref-type="fig"}. Yeast contained either a plasmid expressing no U3 snoRNA (empty vector; EV), U3 snoRNA wild-type (U3 WT), a U3 snoRNA with the 5′-hinge mutated (U3 5H) ([@B17]) or a U3 snoRNA with the Box A mutated (U3 Box A) ([@B33]). (**A**) Expression of U3 snoRNA mutants from plasmids was detected via their unique sequence tag by northern blotting (oligo SD13) ([@B15]), while another oligonucleotide was used to visualize all forms of U3 snoRNA (SD74). The U14 snoRNA was detected with a specific oligonucleotide. (**B**) rRNA levels analyzed by ethidium bromide staining on agarose gels. (**C--E**) *In vivo* DMS modification of the RNA at 16 h after U3 snoRNA depletion was carried out in cells containing the plasmids described in (A). Total RNA was extracted from unmodified and modified cells and analyzed by primer extension with the following oligonucleotides: (C) 400-5′-ETS; (D) 611-5′-ETS; (E) 693-5′-ETS. Lanes A and G are dideoxy sequencing lanes. The nucleotide numbers from the start site of transcription are indicated on the left side of the gels. The lines on the right side of the gels highlight regions were nucleotides with changed reactivity to DMS are present. Nucleotides with altered reactivity as a result of the expression of the mutated U3 snoRNAs depicted on a portion (nucleotides 260--700) of the secondary structure of the 5′-ETS: (**F**) U3 5H and (**G**) U3 Box A. Blue circles denote nucleotides with lower reactivity, while red circles denote nucleotides with higher reactivity when the U3 snoRNA mutants are expressed, using nucleotide reactivity when no U3 snoRNA is expressed (EV) as a reference point. The size of the circles represents the intensity of the change. The purple boxes highlight the nucleotides of the 5′-ETS that were previously known to base pair the U3 snoRNA, the green boxes highlight the nucleotides involved in the novel base pairing and the cleavage sites are indicated.

We surveyed the changes in reactivity in the 5′-ETS in the presence of the two mutant U3 snoRNAs following *in vivo* DMS modification only in the areas where we observed differences in reactivity when U3 snoRNA was expressed ([Figure 2](#F2){ref-type="fig"}C--H, summarized in [Figures 1](#F1){ref-type="fig"}B and [3](#F3){ref-type="fig"}). Interestingly, we observed that the enhanced reactivity in the nucleotides 290--330 region occurred even in the presence of the mutations in the 5′-hinge and Box A sequences of the U3 snoRNA ([Figure 4](#F4){ref-type="fig"}C, compare lanes 8--10, 4F, 4G, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)), suggesting that these reactivity changes are independent of mutation in these essential elements. However, the few protections we previously observed in this region were lost when any substitution in the U3 snoRNA was made.

As shown in [Figure 2](#F2){ref-type="fig"}, we were able to detect the base pairing interaction of the 5′-hinge nucleotides (nucleotides 39--48) to the 5′-ETS nucleotides (470--479) by changes in reactivity of these nucleotides in the presence and absence of U3 snoRNA. When we tested a U3 snoRNA with a mutation in the 5′-hinge sequence (U3 5H) that is also predicted to disrupt the interaction, we again found that the reactivity of these nucleotides in the 5′-ETS was increased similar to the levels obtained with the empty vector ([Figure 4](#F4){ref-type="fig"}D compare lanes 7, 8 and 10, 4F, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). This indicates, as others have previously found ([@B18]), that mutations in the 5′-hinge sequence of the U3 snoRNA disrupt its base pairing with the 5′-ETS.

In contrast, mutation in the Box A sequence of the U3 snoRNA, which is not predicted to disrupt the base pairing interaction with nucleotides 470--479, conferred DMS reactivity similar to that of the WT U3 snoRNA for these nucleotides ([Figure 4](#F4){ref-type="fig"}D compare lanes 9 and 10, 4G, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). Therefore, mutations in the Box A sequence permit the base pairing interaction to occur between the 5′-hinge sequence of the U3 snoRNA and nucleotides 470--479 of the 5′-ETS.

We also detected several differences in the chemical modification pattern for the different mutations in the U3 snoRNA in the area close to the A~0~ cleavage site and in the region situated between the A~0~ and A~1~ cleavage sites (nucleotide 605--700; [Figure 4](#F4){ref-type="fig"}E--G, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). The enhancement observed for the U3 WT at nucleotide 605 and the protection at nucleotides 638 and 640, compared to the empty vector, were not present when the 5′-hinge region was mutated (U3 5H), while a weak protection was still present at 639 ([Figure 4](#F4){ref-type="fig"}E, compare lanes 8 and 9, 4F, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). In contrast, when Box A was substituted (U3 BoxA) a weaker enhancement compared to U3 WT was observed, and the protections at nucleotides 638--640 were still present ([Figure 4](#F4){ref-type="fig"}E, compare lanes 8 and 10, 4G, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). Consequently, both mutations in the 5′-hinge region and in Box A of the U3 snoRNA impede, to varying extents, the changes in reactivity attributable to the presence of U3 WT.

Using U3 snoRNAs that are mutated in sequences known to base pair with the pre-18S rRNA, we were thus able to detect the known base pairing interaction between the 5′-hinge sequence of the U3 snoRNA and the 5′-ETS. Not unexpectedly, mutations in the Box A sequence of the U3 snoRNA do not affect this base pairing interaction. However, the chemical modification pattern observed between nucleotides 290 and 330 (nucleotide 300 region of the pre-rRNA) was quite unexpected as it was independent of substitutions in the known functionally important regions of the U3 snoRNA ([Figure 4](#F4){ref-type="fig"}C). It raises the question of whether there is another base pairing interaction between the U3 snoRNA and the 5′-ETS that is responsible for this chemical modification pattern. To answer this question we analyzed the chemical modification patterns present when truncated U3 snoRNAs are expressed.

The 3′-hinge sequence of the U3 snoRNA influences the structure of the nucleotides 290--330 region of the 5′-ETS via an initial base pairing interaction
--------------------------------------------------------------------------------------------------------------------------------------------------------

To dissect the potential role of additional base pairing interactions between the U3 snoRNA and the pre-rRNA, we analyzed the DMS reactivity patterns when truncated forms of U3 snoRNAs were expressed. We tested two previously described 5′-end truncated U3 snoRNAs ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)), a form missing the first 63 nts and one missing the first 72 nts from the 5′-end ([Figure 5](#F5){ref-type="fig"}A--C) ([@B15],[@B33]). Consistent with the observation that these mutant U3 snoRNAs do not support growth ([@B15],[@B33]), the levels of 18S rRNA were lower when either of the truncated forms were expressed compared to the U3 WT ([Figure 5](#F5){ref-type="fig"}C, lanes 2--4). When the U3 snoRNA was truncated by 72 nts from its 5′-end, the enhancements in the nucleotides 290--330 region were no longer observed ([Figure 5](#F5){ref-type="fig"}D, compare lanes 8 and 10). However, when a longer form in which only 63 nts were removed from the 5′-end was expressed, the enhancements were still present ([Figure 5](#F5){ref-type="fig"}D, compare lanes 8 and 9). This is surprising as neither form contains the functionally important 5′-hinge or Box A sequences that base pair with the pre-rRNA. Therefore nucleotides 63--72 of the U3 snoRNA, encompassing the 3′-hinge, are essential for the observed changes in chemical reactivity among nucleotides 290--330 of the 5′-ETS. The 3′-hinge sequence of the U3 snoRNA would be predicted to base pair with the 5′-ETS at nucleotides 281--291 ([Figure 1](#F1){ref-type="fig"}B) ([@B22]), immediately 5′-to the observed chemical modification pattern. Figure 5.The presence of the 3′-hinge nucleotides (62--72) of the U3 snoRNA affects the *in vivo* chemical modification pattern present in the 290--330 region of the 5′-ETS. (**A**) Schematic drawing of U3 snoRNA WT, U3 snoRNA-63 and U3 snoRNA-72 with the functionally important base pairing sequences indicated. (**B--D**) Total RNA was extracted from cells expressing the empty vector (EV), U3 snoRNA wild-type (U3 WT), U3 snoRNA--63 (U3-63) and U3 snoRNA-72 (U3-72) and analyzed by different methods. (B) Expression of U3 snoRNA truncations detected by northern blotting. U3 snoRNA expressed from plasmid was detected with an oligonucleotide (SD13) that recognizes the unique sequence, while another oligonucleotide (SD74) was used to detect all forms of the U3 snoRNA. The U14 snoRNA was visualized with a specific oligonucleotide. (C) rRNA levels in the presence of the indicated U3 snoRNAs analyzed by ethidium bromide staining on agarose gels. (D) *In vivo* DMS modification of RNA, at 16 h after U3 snoRNA depletion, was performed simultaneously in yeast where U3 snoRNAs were expressed from a plasmid (WT, -63, -72) and in yeast where U3 snoRNA was absent (EV) for comparison. Total RNA was extracted from unmodified and modified cells and analyzed by primer extension with the primer 400-5′-ETS. Lanes A and G are dideoxy sequencing lanes, and the nucleotides are indicated on the left side of the gel. The line on the right side of the gel highlights the region where nucleotides with changed reactivity to DMS are present. The green box highlights the nucleotides of the 5′-ETS involved in the novel base pairing.

To further analyze the role of the 3′-hinge region of the U3 snoRNA, we substituted the nucleotides from 62 to 72 en bloc. Two different 3′-hinge mutants of U3 snoRNA were generated, the first, U3 3H7, which maintains 8/11 predicted base pairing interactions and U3 3H11, which maintains only 4/11 predicted base pairing interactions ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1), [Figure 6](#F6){ref-type="fig"}A). Both mutant U3 snoRNAs were expressed, though not to the same levels as WT ([Figure 6](#F6){ref-type="fig"}B, lanes 6--8). When the U3 3H7 snoRNA was expressed the yeast grew as well as yeast expressing the WT U3 snoRNA (data not shown) and 18S rRNA maturation was not affected ([Figure 6](#F6){ref-type="fig"}C, compare lanes 6 and 7), demonstrating that this extent of mutation is not enough to disrupt this base pairing interaction. In contrast, the U3 3H11 snoRNA did not support growth (data not shown) and the levels of 18S rRNA were drastically reduced, comparable to the levels observed in the absence of U3 snoRNA ([Figure 6](#F6){ref-type="fig"}C, compare lanes 5 and 8). Thus, the U3 3H7 mutation has no effect on the function of U3 snoRNA while the U3 3H11 mutation is detrimental. Since the latter disrupts the predicted base pairing more extensively, it is likely that the 3′-hinge sequence of the U3 snoRNA base pairs with nucleotides 281--291 of the 5′-ETS, and is required for U3 snoRNA function. Figure 6.Disruption of the U3 snoRNA 3′-hinge:5′-ETS interaction results in reduced levels of 18S rRNA and the disappearance of the *in vivo* chemical modification pattern observed at nucleotides 290--330. (**A**) base pairing between the 5′-ETS of the pre-rRNA and the U3 snoRNA WT, the U3 snoRNA with 7 nt of the 3′-hinge mutated (U3 3H7) and the U3 snoRNA with 11 nt mutated (U3 3H11). (**B--C**) Total RNA was extracted from cells expressing the empty vector (EV), U3 snoRNA wild-type (U3 WT), U3 3H7 and U3 3H11 and analyzed by different methods. (B) Expression of U3 snoRNA 3′-hinge mutants analyzed by northern blotting. U3 snoRNA expressed from a plasmid was detected with an oligonucleotide (SD13) that recognizes the unique sequence, while another oligonucleotide (SD74) was used to detect all forms of U3 snoRNA. The U14 snoRNA was visualized with a specific oligonucleotide. (C) rRNA levels analyzed by ethidium bromide staining on agarose gels. (**D--F**) *In vivo* DMS modification of the RNA was performed, at 16 h after endogenous U3 snoRNA was depleted, in yeast expressing the indicated U3 snoRNAs and was compared to yeast where the U3 snoRNA was absent (EV). Total RNA was extracted from unmodified (Un) and modified (+DMS) cells and analyzed by primer extension with the following primers: (D) 400-5′-ETS (E) 611-5′-ETS; (F) 693-5′-ETS. The A~0~ cleavage site is indicated. Lanes A and G are dideoxy sequencing lanes, and the nucleotide numbers are indicated on the left side of the gels. The lines on the right side of the gels highlight regions were nucleotides with changed reactivity to DMS are present. The purple box highlights the nucleotides of the 5′-ETS that were previously known to base pair the U3 snoRNA, the green box highlights the nucleotides involved in the novel base pairing and the A~0~ cleavage site is indicated.

We asked whether substitution of the nucleotides in the 3′-hinge interfered with the characteristic chemical modification pattern observed in the 290--330 region upon *in vivo* chemical probing. When the fully functional U3 3H7 mutant was expressed, chemical probing revealed very few changes compared to the presence of U3 WT ([Figure 6](#F6){ref-type="fig"}D, compare lanes 8 and 9, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). However, the more extensive disruption of base pairing with the U3 3H11 snoRNA resulted in the absence of the modification pattern in the nucleotides 290--330 region ([Figure 6](#F6){ref-type="fig"}D, compare lanes 8 and 10, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). Our results indicate that mutation of nucleotides in the 3′-hinge that would prevent its base pairing to nucleotides 281--291 in the 5′-ETS causes loss of the chemical modification pattern in the nucleotides 290--330 region. Thus, these changes in pre-rRNA structure can be attributed to base pairing of the 3′-hinge sequence of the U3 snoRNA with the 5′-ETS at nucleotides 281--291.

Similarly, our results indicate that base pairing between the 3′-hinge sequence and the 5′-ETS is a prerequisite for the other U3 snoRNA:5′-ETS base pairing interaction. When the 3′-hinge base pairing was extensively disrupted with the 3H11 mutation, we found increased reactivity of the 5′-ETS nucleotides (nucleotides 470--479) that base pair with the 5′-hinge ([Figure 6](#F6){ref-type="fig"}E, compare lanes 8 and 10, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). The levels of increased reactivity were similar to those observed when no U3 snoRNA was present (empty vector; [Figure 6](#F6){ref-type="fig"}E, compare lanes 7 and 10, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)). However, no changes in reactivity in nucleotides 470--479 were observed when a U3 snoRNA that does not disrupt the base pairing interaction (3H7) was expressed ([Figure 6](#F6){ref-type="fig"}E, compare lanes 8 and 9, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)) compared to the reactivity detected when U3 snoRNA is expressed. The modification pattern detected at nucleotides 470--479 with the disrupted 3′-hinge interaction (3H11) is indicative of lack of 5′-hinge base pairing. Thus, base pairing of the U3 snoRNA with its 3′-hinge sequence is required for subsequent 5′-hinge base pairing.

Likewise, when the 3′-hinge base pairing was disrupted extensively with the 3H11 U3 snoRNA mutant, the modification pattern in the 5′-ETS nucleotides between the A~0~ and A~1~ cleavage sites was similar to that found when no U3 snoRNA was expressed (empty vector; [Figure 6](#F6){ref-type="fig"}F, compare lanes 7, 8 and 10). When the U3 snoRNA mutant that does not disrupt base pairing was expressed (3H7; [Figure 6](#F6){ref-type="fig"}F, compare lanes 8 and 9, [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr044/DC1)) the modification pattern was the same as for the U3 WT. Thus, the 3′-hinge base pairing is required for the structural changes in the 5′-ETS attributed to the presence of the U3 snoRNA.

Substitution of the 5′-ETS nucleotides that base pair to the 3′-hinge of the U3 snoRNA is lethal, but growth can be restored by expressing a U3 snoRNA with a complementary 3′-hinge sequence
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The strain NOY504 ([@B31]) carries a temperature sensitive mutation in RNA polymerase I, and consequently pre-rRNA is not synthesized at 37°C ([Figure 7](#F7){ref-type="fig"}A). The plasmid pNOY102 ([@B31]) harbors the 35S rDNA gene under the control of a galactose inducible promoter, and can be used as a source for transcription of the pre-rRNA at 37°C in the presence of galactose ([Figure 7](#F7){ref-type="fig"}A). The endogenous U3 snoRNA is expressed constitutively in this strain. As expected, the pNOY102 plasmid supports growth in the presence of empty vector (pNOY102 + pRS314), the WT U3 snoRNA expressed from a plasmid (pNOY102 + U3 WT), or in the presence of the 3′-hinge mutated U3 snoRNA (pNOY102 + U3 3H11) at 37°C ([Figure 7](#F7){ref-type="fig"}B). To analyze the role of the 5′-ETS nucleotides involved in the base pairing interaction with the 3′-hinge of the U3 snoRNA we mutated them as shown in [Figure 7](#F7){ref-type="fig"}A. When the resulting rDNA mutant construct (ETS 3H11) was transformed into NOY504, the yeast did not grow on galactose at 37°C ([Figure 7](#F7){ref-type="fig"}B), either in the presence of an empty vector (ETS 3H11 + pRS314) or in the presence of the WT U3 snoRNA expressed from a plasmid (ETS 3H11 + U3 WT). Since the yeast are completely dependent on the plasmid derived pre-rRNA for survival at 37°C, the absence of growth indicates that functional ribosomes are not produced in the absence of the 5′-ETS:3′-hinge of U3 snoRNA base pairing. To prove that indeed the absence of growth was due to the reduced capacity of base pairing between the 5′-ETS and the 3′-hinge of the U3 snoRNA, we co-expressed the mutated 5′-ETS plasmid and the U3 3H11 mutant that can base pair to the mutated 5′-ETS construct. Growth at 37°C was restored to the yeast cells that contained both plasmids (ETS 3H11+U3 3H11; [Figure 7](#F7){ref-type="fig"}B). Thus, substitution of the 5′-ETS nucleotides of the pre-rRNA that base pair to the 3′-hinge of the U3 snoRNA inhibits growth; however, expression of a U3 snoRNA with a compensatory mutation suppresses the lethal effect. Therefore, base pairing of the U3 snoRNA 3′-hinge nucleotides to the 5′-ETS of the pre-rRNA is essential for growth and ribosome biogenesis. Figure 7.The growth defect conferred by substitution of the 5′-ETS nucleotides that base pair with the 3′-hinge of the U3 snoRNA is suppressed by co-expression of a U3 snoRNA with compensatory mutations. (**A**) The rDNA (wild-type or mutant) in the pNOY102 plasmid is under a galactose-inducible/dextrose repressible promoter (*GAL7*), and the pNOY102 plasmid has a *URA* auxotrophic marker. U3 snoRNA (wild-type or mutant) is expressed from the plasmid pRS314 that carries a *TRP* auxotrophic marker. The nucleotides substituted in the 5′-ETS and the U3 snoRNA to generate ETS 3H11 and U3 3H11 are indicated. Schematic representation of the NOY504 strain that has a temperature sensitive mutation in RNA polymerase I. The pre-rRNA and the U3 snoRNA are co-expressed from the plasmids described above at 37°C, but the endogenous U3 snoRNA is also expressed constitutively. (**B**) Growth of the NOY504 strain co-expressing the indicated plasmids on galactose containing medium at 25 and 37°C. YEP24 is a plasmid used as a negative control.

Interaction of the 3′-hinge sequence of the U3 snoRNA with the 5′-ETS is required for SSU processome formation
--------------------------------------------------------------------------------------------------------------

We performed immunoprecipitations between two SSU processome proteins that are members of different sub-complexes to test whether the 3′-hinge U3 snoRNA:5′-ETS interaction is required for the formation of the SSU processome. The YKW100 strain was engineered to express tagged versions of two UtpA/t-Utp proteins: Utp5 (HA-tagged) and Utp17 (TAP-tagged) ([Figure 1](#F1){ref-type="fig"}C). Immunoprecipitations of Utp5-HA with an anti-HA antibody were performed, and detection of the SSU processome was carried out by western blotting with anti-Mpp10 antibodies. The immunoprecipitations were performed in the presence of the wild-type U3 snoRNA, in the presence of the mutant U3 snoRNAs, and in the absence of U3 snoRNA (empty vector). As expected, in the presence of the U3 snoRNA, Utp-5HA co-immunoprecipitated Mpp10, indicating formation of the SSU processome ([Figure 8](#F8){ref-type="fig"}A, lane 9, top panel). Similarly, in the absence of the U3 snoRNA, Utp-5HA did not co-immunoprecipitate Mpp10 ([Figure 8](#F8){ref-type="fig"}A, compare lanes 8 and 9, top panel), indicating that the SSU processome does not form. When we tested the U3 snoRNA 3′-hinge mutant that disrupts base pairing (U3 3H11) and the U3-72 truncation, Utp5-HA did not co-immunoprecipitate Mpp10 ([Figure 8](#F8){ref-type="fig"}A, lanes 10 and 14, top panel), indicating that these two mutations prevent formation of the SSU processome. In the presence of the U3 snoRNA 5′-hinge (U3 5H) mutant and the U3-63 truncation, anti-HA immunoprecipitation of Utp5-HA resulted in small amounts of co-immunoprecipitating Mpp10 ([Figure 8](#F8){ref-type="fig"}A, lanes 11 and 13, top panel), indicating that some SSU processome is formed. Anti-HA immunoprecipitation of Utp5-HA from yeast expressing U3 snoRNA mutated in Box A resulted in almost as much co-immunoprecipitating Mpp10 as that observed with the wild-type U3 snoRNA ([Figure 8](#F8){ref-type="fig"}A compare lanes 9 and 12, top panel). We have previously shown that the UtpA/t-Utp subcomplex is maintained even in the absence of the U3 snoRNA ([@B11]). Likewise, we found that Utp5-HA co-immunoprecipitated Utp17-TAP independent of the presence of the mutated U3 snoRNAs ([Figure 8](#F8){ref-type="fig"}A, lanes 8--14, bottom panel), indicating that the UtpA/t-Utp subcomplex is maintained. Thus, disruption of base pairing of the 3′-hinge of the U3 snoRNA with the 5′-ETS results in loss of SSU processome formation. U3 snoRNAs that can make the base pairing interaction with the 3′-hinge but not the base pairing interaction with the 5′-hinge result in some SSU processome formation, while the U3 snoRNAs that can make both the 5′- and 3′-hinge interactions but not the Box A interaction with the 5′-ETS result in almost normal levels of the SSU processome. Therefore, SSU processome assembly requires base pairing of the 3′-hinge sequence of the U3 snoRNA with the 5′-ETS, but does not depend as much on base pairing of the 5′-hinge or of Box A. Figure 8.Interaction of the 3′-hinge sequence of the U3 snoRNA with the 5′-ETS is required for SSU processome formation. Utp5-HA was immunoprecipitated with an anti-HA antibody from total cellular extract from yeast cells expressing the indicated U3 snoRNA mutants, at 16 h after the endogenous U3 snoRNA was depleted. (**A**) Total (5%) and immunoprecipitated proteins were separated by SDS--PAGE and transferred to Immobilon PVDF membranes. SSU processome assembly was assayed by western blotting for Mpp10 with an anti-Mpp10 antibody. Two different exposures are presented for the Mpp10 detection, a lighter (30 s) and a darker one (5 min). Formation of the UtpA/t-Utp subcomplex and its association with other components of the SSU processome was assayed by western blotting for Utp17-TAP with peroxidase-antiperoxidase antibodies (PAP), another UtpA/t-Utp subcomplex member. (**B**) The RNA extracted from either the total cellular extract (10%) or the immunoprecipitates was separated on denaturing polyacrylamide gels, transferred to Hybond N+ and the presence of U3 snoRNA was detected by northern blotting. U3 snoRNA expressed from a plasmid was detected with an oligonucleotide (SD13) that recognizes the unique sequence, while another oligonucleotide (SD74) was used to detect all forms of U3 snoRNA.

In the same way, we tested co-immunoprecipitation of the different mutant forms of the U3 snoRNA by HA tagged-Utp5 ([Figure 8](#F8){ref-type="fig"}B) as an indication of SSU processome formation. On northern blots, wild-type U3 snoRNA was immunoprecipitable by HA-tagged Utp5 ([Figure 8](#F8){ref-type="fig"}B, lane 9) but as expected, when no U3 snoRNA was expressed from the plasmid, no co-immunoprecipitating U3 was detectable ([Figure 8](#F8){ref-type="fig"}B, lane 8). U3 snoRNAs mutated or truncated in the 3′-hinge sequence (U3 3H11 and U3-72; [Figure 8](#F8){ref-type="fig"}B, lanes 10 and 14) similarly were not immunoprecipitable by HA-tagged Utp5, indicating that they are not incorporated into the SSU processome. In contrast, U3 snoRNAs mutated in the 5′-hinge sequence, in Box A, or that maintain the 3′-hinge nucleotides (U3-63) were immunoprecipitated to varying extents by anti-HA antibodies ([Figure 8](#F8){ref-type="fig"}B, lanes 11--13). Therefore, the 3′-hinge interaction between the U3 snoRNA and the 5′-ETS is required for SSU processome formation while interruption of the two other base pairing interactions has much less of an effect.

DISCUSSION
==========

The U3 snoRNA is an exceptional snoRNA in that its base pairing with the pre-18S rRNA leads to pre-rRNA cleavage events. We have asked whether the U3 snoRNA plays a role in the pre-rRNA structural changes in the 5′-ETS and in the pre-18S rRNA sequences that participate in the 5′-end pseudoknot (nucleotides 1--220; 980-1150). Using *in vivo* chemical probing, we demonstrate that the structure of these pre-ribosomal sequences depends on the presence of the U3 snoRNA, and thus provide direct evidence for a function in pre-18S folding for the U3 snoRNP and its associated proteins. Furthermore, *in vivo* chemical probing, mutational analysis and genetic 'rescue' revealed a third previously unexplored (in yeast) U3 snoRNA:pre-rRNA base pairing interaction where the 3′-hinge at nucleotides 62--72 in the U3 snoRNA is base paired to nucleotides 281--291 in the 5′-ETS. This U3 snoRNA:5′-ETS interaction is a prerequisite for the earlier reported interaction between the 5′-hinge of the U3 snoRNA and nucleotides 470--479. We show that the 3′-hinge interaction of the U3 snoRNA with the 5′-ETS is essential for growth and required for the subsequent binding of other SSU processome proteins.

These results suggest that, temporally, the 3′-hinge base pairing with the 5′-ETS is likely the first RNA:RNA interaction to occur between the U3 snoRNP and the pre-rRNA. The 5′-ETS sequence that base pairs to the 3′-hinge is the first among the base pairing sequences to be transcribed by RNA polymerase I. Furthermore, while the 3′-hinge interaction is required for the 5′-hinge interaction to occur, the reverse is not true.

Our results are in agreement with previous chemical probing studies of the yeast U3 snoRNA in an RNP *in vivo* and *in vitro* ([@B14]). Analysis by chemical probing of U3 snoRNA sequences confirmed the base pairing of the 5′-hinge and of Box A, Box A′ and the GAC Box to the pre-rRNA. Interestingly, because of the lack of nucleotide reactivity to DMS *in vivo*, Mereau *et al.* ([@B14]) also proposed that nucleotides 60--64 of the 3′-hinge are base paired to the pre-rRNA. Additionally, they observed a decrease in reactivity of nucleotides 68--72 of the 3′-hinge *in vivo* versus *in vitro*, further supporting the hypothesis that these sequences are involved in base pairing. These studies were limited to probing the U3 snoRNA, so they did not query the base paired nucleotides in the pre-rRNA.

We have found that base pairing of the 3′-hinge sequence of the U3 snoRNA with the 5′-ETS and its essential function is conserved to budding yeast. This base pairing interaction has not previously been reported in *S. cerevisiae*, though it had been previously described in both *Xenopus laevis* and in *Trypanosoma brucei* as essential for SSU biogenesis in these organisms ([@B22],[@B23],[@B37],[@B38]). Interestingly, the A′ cleavage site, which is U3-dependent, is upstream of the 3′-hinge base pairing site in both *X. laevis* and *T. brucei*. Since we have shown here that the 3′-hinge base pairs in yeast as well, it is also plausible that there is an A′ cleavage site associated with it. The presence of an A′ cleavage site in yeast would confirm that indeed the pre-rRNA cleavage events dependent on the U3 snoRNA are conserved among eukaryotes, since the U3 dependent cleavage sites (A′, A~0~-A~2~) have also been observed in mice ([@B39]) and humans ([@B40]). Furthermore, results from mutational analysis of the corresponding 3′-hinge of the human U3 snoRNA are also similar to those presented here ([@B41]). Among the predicted three human U3 snoRNA base pairing sites, disruption of the 3′-hinge sequence reduced human Mpp10 co-immunoprecipitation to the greatest extent. Moreover, an intact 3′-hinge sequence was required for subnucleolar localization of the U3 snoRNA.

*In vivo* chemical probing is a powerful tool to monitor changes in RNA structure. The particular nucleotides examined by *in vivo* chemical probing are determined by the characteristic reactivity of bases to DMS and by the capacity of reverse transcriptase to stall at the modified base. However, not all nucleotides are equally reactive or accessible to DMS since they may be base paired or protected by proteins. For example, we can directly detect the 5′-hinge base pairing to the 5′-ETS (nucleotides 470--479) because many of the nucleotides involved are A's and C's whose modification is easily detected by primer extension without further manipulation. Nevertheless, it is not possible to directly ascertain the base pairing of the 3′-hinge of U3 snoRNA to nucleotides 281--291 of the 5′-ETS because these nucleotides are mainly G's and U's, and their modification is not detectable in this assay. Instead, we were able to detect a specific chemical modification pattern associated with the 3′-hinge base pairing interaction nearby between nucleotides 290--330. Thus, it is the combination of mutational analysis with *in vivo* DMS probing that has enabled us to delineate a new U3 snoRNA:5′-ETS base pairing interaction.

In contrast, the presence or absence of the U3 snoRNA does not influence the reactivity of the first 280 nucleotides of the 5′-ETS of the pre-rRNA. This suggests that the first 280 nucleotides of the 5′-ETS likely interact with other components of the SSU processome, before the first U3 snoRNA base pairing occurs at nucleotides 281--291. One strong candidate is the SSU processome subcomplex, UtpA/t-Utp, which is required for both optimal transcription of the rDNA and pre-rRNA processing ([@B11]). The UtpA/t-Utp sub-complex interacts with the pre-rRNA even when U3 snoRNA is not expressed ([@B11]). Furthermore, its assembly onto the pre-rRNA is independent of the presence of other SSU subcomplexes ([@B12]) and prior binding of the UtpA/t-Utp subcomplex to the pre-rRNA is required for the subsequent assembly of other SSU processome subcomplexes ([@B12]).

Using the 3′-hinge, 5′-hinge and Box A mutant U3 snoRNAs, we asked whether any or all of these base pairing interactions are necessary for SSU processome formation. To assay for SSU processome formation, we turned to co-immunoprecipitation of two proteins from different subcomplexes (Utp5 and Mpp10) and co-immunoprecipitation of the U3 snoRNA with Utp5. The Mpp10 protein was originally used as one of the 'hooks' to purify the SSU processome ([@B8]), and its presence is required for SSU processome formation as detected in Miller spreads ([@B42]). The UtpA/t-Utp subcomplex, of which Utp5 is a member, does not co-immunoprecipitate the U3 snoRNA except in the presence of the pre-rRNA ([@B11]). Co-assembly of Utp5 with Mpp10, and co-immunoprecipitation of the U3 snoRNA with Utp5, are therefore both good indications of macromolecular assembly of the SSU processome. When we assay the effect of disruption of the U3 snoRNA base pairing interactions, we find that the 3′-hinge base pairing interaction with the pre-rRNA is most important for SSU processome formation, followed by the 5′-hinge interaction and then by the Box A interaction. Indeed, the 3′-hinge interaction is sufficient for some degree of SSU processome formation as a 5′-truncated U3 snoRNA that cannot base pair with either the 5′-hinge or Box A complementary sequences but can base pair with the 3′-hinge complementary sequence (-63) becomes incorporated into the SSU processome while a truncated form missing all three interactions (-72) does not.

Together with previously published findings, the results presented here provide a more detailed picture of the initial steps in SSU processome assembly. Assembly begins by protein subcomplex interactions with the nascent pre-rRNA, with the UtpA/t-Utp subcomplex likely the first to bind ([Figure 9](#F9){ref-type="fig"}A). Because the UtpA/t-Utp and UtpB subcomplexes co-immunoprecipitate in the absence of the U3 snoRNA (data not shown), the UtpB subcomplex is likely to assemble on the pre-rRNA following UtpA/t-Utp ([@B13]) and prior to the U3 snoRNP. Other, yet to be identified, SSU processome proteins may also assemble at this point. Next, the U3 snoRNP assembles into the nascent SSU processome via base pairing to the pre-rRNA using its 3′-hinge sequence ([Figure 9](#F9){ref-type="fig"}B). This RNA:RNA interaction recruits the Mpp10 subcomplex ([Figure 9](#F9){ref-type="fig"}C). The two subsequent U3 snoRNA: pre-rRNA interactions occur, and other components likely assemble. The sequential binding at each U3 snoRNA base pairing site from 5′ to 3′ on the pre-rRNA is likely to be a signal for the assembly of other components of the SSU processome. Therefore the U3 snoRNP and its associated proteins coordinate, via U3 snoRNA base pairing, the pre-18S rRNA folding that leads to the cleavage events that release the mature 18S rRNA. These results thus support the proposal that the U3 snoRNP and its associated proteins play an important role in the folding of pre-18S rRNA. Figure 9.Model for the initial assembly steps of the SSU processome. (**A**) The UtpA/t-Utp subcomplex is assembled first onto the nascent pre-rRNA, followed by the UtpB subcomplex and, probably, some other components of the SSU processome. (**B**) The U3 snoRNP anchors to the pre-rRNA through the base pairing of the 3′-hinge. (**C**) The base pairing of the 3′-hinge of the U3 snoRNA permits assembly of the Mpp10 subcomplex. The pre-rRNA is represented by the black straight line, the UtpA/t-Utp subcomplex is pictured in gray, with two of its components, Utp17 and Utp5, shown in blue and red respectively. The U3 snoRNA is drawn schematically with its base pairing regions indicated, and the protein components of the U3 snoRNP are shown in green, while the Mpp10 subcomplex is shown in purple.
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